Death-Defying Yeast Identify Novel Apoptosis Genes  by Shaham, Shai et al.
Cell, Vol. 92, 425±427, February 20, 1998, Copyright 1998 by Cell Press
Death-Defying Yeast Identify Minireview
Novel Apoptosis Genes
mutant versions of Bax or Bak that lack activity in mam-
malian cells do not result in yeast lethality (Zha et al.,
1996; Ink et al., 1997). These observations suggest that
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²Cancer Research Institute the same properties that cause Bax to kill mammalian
cells are required for it to kill yeast cells. Using a BaxUniversity of California, San Francisco
513 Parnassus Avenue gene whose expression is induced in the presence of
galactose (pGal-Bax), Xu and Reed (1998) and Matsu-San Francisco, California 94143
yama et al. (1998) searched for human cDNAs and yeast
mutations, respectively, that prevent Bax-induced cell
death in galactose-containing medium. Their resultsIntensive study of processes that initiate, control, and
support the idea that yeast can be used as a vehicle forexecute the cell death program termed apoptosis has
identifying metazoan cell-death factors.resulted in a wealth of new information regarding how
Bax Inhibitor-1 (BI-1) Inhibits Mammalian Apoptosiscells contribute to their own demise. The picture emerg-
Xu and Reed (1998) transformed pGal-Bax-containinging from these studies suggests a complex interplay
yeast cells with a human cDNA library in which cDNAsbetween factors that promote cell death and those that
were fused to a constitutively active yeast promoter andprevent cell death, the end result being life or death of
isolated four cDNAs that prevent lethality on galactose.the cell (for reviews, see Horvitz et al., 1994; Salvesen
Three encoded the same protein, termed BI-1 (for Baxand Dixit, 1997, and references therein). The most down-
Inhibitor-1) and were studied further. The BI-1 gene isstream components of the cell-death machinery identi-
identical to a previously isolated human gene of un-fied so far are proteases known as caspases, a class
known function called TEGT (Testis Enhanced Geneof cysteine proteases that cleave substrates following
Transcript). Homologs of BI-1 are found in both rat andaspartate residues. Most apoptotic processes, from
mouse as well as in the plant Arabidopsis thaliana. Weakthose in the nematode Caenorhabditis elegans to those
similarity was also found with a C. elegans gene, indicat-inhumans, result in activation of these proteases leading
ing that BI-1 is conserved in evolution.to cell death (Figure 1). The activity of caspases can be
To determine if BI-1 plays a role in mammalian apo-regulated by a variety of cellular factors. Some, such as
ptosis, the authors tested the ability of BI-1 to block cellthe C. elegans protein CED-4, the related mammalian
death induced by Bax overexpression, growth factorprotein Apaf-1, or the mammalian protein Fas, can acti-
deprivation, etoposide, and staurosporine treatment ofvate caspases and are thus death promoters (Shaham
cultured mammalian cells. They found that BI-1 couldand Horvitz, 1996; Salvesen and Dixit, 1997; Zou et al.,
inhibit cell death to a similar extent as Bcl-2, suggesting1997). Others, such as C. elegans CED-9 or mammalian
that BI-1 might normally function to prevent mammalianBcl-2 can inhibit activation of caspases. Yet other pro-
apoptosis. Expression of antisense BI-1 RNA inducedteins, such as mammalian Bax, which is similar to Bcl-2,
apoptosis in approximately 20% of cultured 293 cells,seem to promote cell death in part by inhibiting the
supporting the notion that BI-1 is a mammalian cell-activities of death-preventing proteins of the Bcl-2 fam-
death inhibitor. Evidence that BI-1 is a key regulator ofily. Regulators such as Bax can, in turn, be inhibited by
mammalian apoptosis could be supplied by analysis ofBcl-2 (Korsmeyer et al., 1993) (Figure 1).
BI-12/2 mice. Increased apoptosis in such knockoutAlthough some of the interactions among known cell-
mice would provide strong support for the importancedeath components have been described, there are still
of BI-1 as an inhibitor of apoptosis.major gaps in our understanding of the apoptotic death
The observation that BI-1 inhibits Bax-induced deathprocess. For example, the cellular targets of caspases
in both mammalian cells and S. cerevisiae is remarkable.that lead to cell death have not yet been fully described.
These results are a clear validation of the approach usedIn addition, the mechanisms by which death-preventing
to identify genes affecting Bax activity. The screen usedmembers of the Bcl-2 family inhibit caspase activation
by the authors does not appear tohave beenexhaustive,and how Bax and other death-promoting relatives of
Bcl-2 promote cell death also remain obscure.
Two papers published in the current issue of Molecu-
lar Cell (Xu and Reed, 1998; Matsuyama et al., 1998)
provide a novel entry to understanding how Bax and
Bcl-2 might function to promote and prevent apoptosis,
respectively. The authors describe the identification of
two new components of the cell-death pathway using
the budding yeast Saccharomyces cerevisiae. Although
budding yeast does not exhibit apoptosis or contain
homologs of Bcl-2 or caspases, Bax and a closely re- Figure 1. Regulation of Caspases and Cell Death by Bax and Bcl-2
lated death-promoting protein, Bak, have been pre-
Blunt arrows indicate inhibition. Pointed arrows indicate activation.
viously described to induce cell death both in this organ- Some reports suggest that Bax and Bcl-2 can also promote and
ism and in fission yeast. These deaths can be inhibited prevent cell death, respectively, in a caspase-independent manner
(see, for example, Xiang et al., 1996).by coexpression of Bcl-2. Furthermore, expression of
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of caspases and can function in a Bcl-2-independent
manner (Vaux and Strasser, 1996; Salvesen and Dixit,
1997). BI-1 is thus not a universal cell death inhibitor
and apparently affects some modes of apoptosis but
not others.
Mitochondrial F0F1-ATPaseÐa Possible
Role in Bax-Induced Apoptosis
In order to identify components required for Bax-induced
cell death in yeast, Matsuyama et al. (1998) screened
for yeast mutants that do not exhibit pGal-Bax-induced
death on galactose-containing medium. The authors
isolated one recessive Bax-resistant yeast mutant and
cloned the relevant gene by standard methods of ge-
netic complementation. The gene (ATP4) encodes a
subunit of the yeast F0F1-ATPase, a proton pump re-
quired for aerobic respiration that is located in the inner
mitochondrial membrane. Interestingly, recent evidence
has suggested an important role for mitochondria in
some forms of apoptosis. Mitochondrial cytochrome c
Figure 2. Possible Models for the Function of BI-1 can be detected in the cytoplasm of mammalian cells
(A) BI-1 might not directly associate with Bax, a death-promoting undergoing apoptosis, and, in association with Apaf-1, a
protein, yet still inhibit Bax activity, thus preventing cell death.
protein related to C. elegans CED-4, can activate certain(B) BI-1 could directly associate with and activate Bcl-2, a death-
caspases in vitro (Zou et al., 1997). In addition, severalpreventing protein, to prevent cell death.
members of the Bcl-2 family including Bcl-2 and Bax
have been shown to associate with the outer mitochon-
since one cDNA class isolated was represented by only a drial membrane in mammalian cells. Overproduction of
single cDNA. Furthermore, at least one gene that should Bcl-2 can prevent both cytochrome c release and
have been isolated, namely Bcl-2 (Figure 1), was not apoptosis in mammalian cells (reviewed by Reed, 1997).
recovered. Thus, continued screening would likely re- When overexpressed in yeast, Bax is primarily associ-
veal additional cell-death inhibitors. ated with the outer mitochondrial membrane and can
The BI-1 gene encodes a protein containing several also cause cytochrome c release (Manon et al., 1997),
putative transmembrane domains. Examination of BI-1 suggesting that Bax-induced death in yeast might share
localization using GFP- or FLAG-tagged BI-1 revealed mechanistic similarities with mammalian apoptosis.
that these proteins are located primarily in the endoplas- A variety of observations support the argument that
mic reticulum (ER) membrane and nuclear envelope. the F0F1-ATPase is required for Bax-induced killing in
Weak staining was also detected in mitochondrial mem- yeast. First, Matsuyama et al. demonstrated that inter-
branes. Interestingly, Bcl-2 had been previously local- ruption of the ATP4 coding sequence also suppressed
ized to intracellular membranes (reviewed by Kroemer, Bax-mediated killing, thus confirming the results of their
1997). Cell fractionation experiments performed by the screen. Second, a mutation in a different subunit of the
authors reveal that tagged BI-1 and Bcl-2 colocalize, F0F1-ATPase also inhibited Bax-induced killing. Third,
suggesting that these proteins might interact. Support yeast cells exposed to oligomycin, a potent inhibitor of
for this notion was provided by both in vivo cross-linking the F0F1-ATPase, did not undergo Bax-induced death.
and coimmunoprecipitation experiments. Fourth, mutant yeast cells unable to respire via mito-
How might BI-1 prevent cell death in mammalian chondrial oxidative phosphorylation yet containing an
cells? Based on the general scheme shown in Figure 1, intact F0F1-ATPase were not protected against Bax kill-
the primary action of BI-1 might be either to inhibit Bax or ing. These experiments strongly suggest that the activity
to stimulate Bcl-2 (Figure2). If BI-1 inhibits Bax activity, it of the F0F1-ATPase, and probably not respiration in gen-
is unlikely to do so by direct association since the two eral, is required for killing of yeast cells by Bax.
proteins do not coimmunoprecipitate (Figure 2A). BI-1 As with the paper by Xu and Reed (1998), Matsuyama
could inhibit Bax activity without direct association, for et al. tested the relevance of their discoveries in mam-
example, by activating an inhibitor of Bax. The ability malian cells, where Bax normally acts. Strikingly, the
of BI-1 to associate with Bcl-2 in vivo suggests that authors showed that death of mammalian cells induced
Bcl-2 could be such an inhibitor. Alternatively, BI-1 could by Bax could be partially inhibited by oligomycin but not
activate Bcl-2 to inhibit death in a Bax-independent by antimycin, a drug affecting mitochondrial respiration.
manner (Figure 2B). Whether BI-1 activates Bcl-2 could Caspase activation during Bax-induced cell death was
be tested by determining whether overexpression of also inhibited by oligomycin. These results mirror the
BI-1 prevents the death of cells lacking Bcl-2. yeast experiments and suggest that Bax activity inmam-
Although overexpression of BI-1 prevented cell death malian cells may at least partially require a functional
induced by growth factor depletion and other conditions F0F1-ATPase. It would be interesting to test if the F0F1-
(see above), it was unable to prevent apoptosis resulting ATPase is required for cell death other than that induced
from activation of Fas, a cell-surface receptor that pro- by Bax in both mammals and yeast. If so, this protein
motes cell death when activated. The Fas receptor is complex might define a key step of the cell death
process.thought to promote cell death by activating a cascade
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cascades, GTPases and their exchange factors, and G
proteins and their regulators, which have shed light on
analogous mammalian processes even though the com-
ponents may be used in different functional contexts.
Similar modules might exist in metazoan apoptotic
pathways.
Even though yeast does not contain obvious homo-
logs of known metazoan cell-death regulators, there are
a variety of strategies that could be used to look for
yeast products involved in yeast cell death. Proteins
that inhibit cell death (BI-1 analogs) could be identified
by looking for yeast genes whose overexpression inhib-
its Bax-mediated killing. Such proteins could also be
discovered by looking for genes whose inactivation re-
sults in lethality that is suppressed by expression of
a metazoan death inhibitor such as Bcl-2. Conserved
components of a cell death pathway (Bax analogs) could
also be identified by screening for yeast genes whose
expression kills yeast cells in an F0F1-ATPase-depen-Figure 3. Possible Interactions between Bax and the F0F1-ATPase
in Mammals and Yeast dent manner. Finally, experiments similar to those de-
Bax could act either upstream (top), downstream (middle), or in scribed in Xu and Reed (1998) and Matsuyama et al.
parallel (bottom) to the F0F1-ATPase to promote cell death. (1998) could be carried out on yeast cells induced to
die by expression of metazoan death promoters other
The F0F1-ATPase might promote Bax-induced killing than Bax.
in mammals and in yeast by activating Bax, by being a The current picture of apoptosis has been developed
target of Bax activity, or by acting in parallel to Bax from studies of a variety of organismsÐnematodes,
(Figure 3). The data presented by the authors do not flies, and animal cells. The papers reviewed here sug-
allow discrimination among these possibilities. Bax and gest that using yeast to study apoptosis might be richly
other Bcl-2 family members have been shown to form rewarding. Studying metazoan cell death in yeast may
pores when inserted into membranes (Schlesinger et al., thus turn into a major growth (death) industry.
1997, and references therein). It is thus possible that
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